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We study hypothetical gauge bosons that may produce dijet resonances at the LHC.
Simple renormalizable models include leptophobic Z ′ bosons or colorons that have flavor-
independent couplings and decay into a color-singlet or -octet quark-antiquark pair, respec-
tively. We present the experimental results on dijet resonances at hadron colliders as limits
in the coupling-versus-mass plane of a gauge boson associated with baryon number. This
theoretical framework facilitates a direct comparison of dijet resonance searches performed
at different center-of-mass energies or at different colliders.
I. INTRODUCTION
If a new particle is produced in the s-channel
at hadron colliders, then it can decay into a
pair of hadronic jets (“dijet”). The invariant
mass distribution of the dijet exhibits a peak at
(or slightly below) the mass of the new particle
[1, 2]. In many models, particles produced in the
s-channel can decay into leptons or other final
states with low backgrounds. If the branching
fractions of those final states are small enough,
however, the dijet resonance searches may pro-
vide the simplest way of discovering the new par-
ticles.
Searches for narrow dijet resonances at
hadron colliders have been performed over the
last three decades by the UA2 [3, 4] and UA1 [5]
experiments at the SPS collider, the CDF [6–10]
and D0 [11] experiments at the Tevatron, and the
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ATLAS [12–19] and CMS [20–25] experiments at
the LHC. The results are traditionally presented
as limits on an effective rate (defined as cross sec-
tion times branching fraction times acceptance)
to produce a resonance as a function of its mass.
While this procedure has the advantage of be-
ing rather model-independent, it complicates the
comparison of experimental results with theoret-
ical models.
The acceptance, in particular, requires the
computation of the probability for the two jets
to be observed in a certain geometric region of
the detector. This can be done analytically given
the differential cross section of the signal and the
kinematic cuts, as long as effects arising from
showering, from an assumed Gaussian signal (in
the case of ATLAS [16]), or from a mismatch
between partons and analysis-level wide jets are
negligible. Otherwise, it is necessary to perform
a simulation based on the jet selection criteria
2The effective rate procedure also precludes a
comparison of the limits set in pp¯ collisions (at
the SPS and the Tevatron) with those from pp
collisions (at the LHC). Even for a particular col-
lider, it is hard to compare the limits set during
runs of different energies, because the cross sec-
tion grows with the center-of-mass energy (
√
s )
for a fixed resonance mass. A naive hope is that
limits set at the larger
√
s and with larger inte-
grated luminosity would supersede previous lim-
its. The situation is not so straightforward be-
cause the backgrounds also increase so that the
trigger thresholds for a jet-only final state need
to be increased. As a result, the sensitivity to
lighter resonances can be better in the runs using
lower luminosity or lower energy. For example,
the ATLAS dijet limits from
√
s = 7 TeV start
at a resonance mass that has increased with lu-
minosity from 0.3 TeV [12] to 0.6 TeV [13] to 0.9
TeV [16] to 1 TeV [17], and those from
√
s = 8
TeV start at a mass 1.5 TeV [18, 19].
In this article we explore a unified presenta-
tion of the dijet limits in a coupling-versus-mass
plot. The mass and coupling refer to a cer-
tain hypothetical particle, of a given spin and
SU(3)c×SU(2)W ×U(1)Y charges, which is pro-
duced in the s-channel at hadron colliders and
decays into a pair of jets. This is by no means
a substitute for the effective rate plots, as it
is more model-dependent. The coupling-versus-
mass plot, however, has the advantage of allowing
simple comparisons of searches performed at dif-
ferent luminosities, experiments,
√
s or colliders.
Furthermore, it provides a measure of how strin-
gent the limits are given some natural ranges for
the physical parameters.
Specifically, we consider an electrically-
neutral spin-1 particle that couples in a flavor-
universal way to the SM quark-antiquark pairs
and is leptophobic, i.e., its tree-level couplings
to SM leptons vanish. This is well motivated by
the following arguments. In many theories be-
yond the SM, there are particles that can be pro-
duced from a quark-antiquark initial state and
lead to a dijet resonance with large rates. By
contrast, both the gluon-gluon (as in the case of
the Higgs boson) and quark-gluon initial states
require a loop to produce an s-channel reso-
nance, so that the signal is typically too small
(at least in perturbative theories) to compete
with the dijet background. The quark-quark ini-
tial state could lead to an s-channel resonance if
there is a di-quark scalar, but in that case flavor-
changing processes typically impose strong con-
straints on its mass and couplings (these are re-
laxed in the case of the color-sextet, hypercharge-
4/3 di-quark [26]).
Electroweak symmetry suppresses the cou-
pling of spin-0 particles to first generation qq¯
pairs (an exception is the color-octet weak-
doublet scalar [27], but in that case there are
strong flavor constraints). Leptophobic spin-2
particles, although possible, require much more
complicated UV completions.
3Including a spin-1 particle coupled to first
generation quarks is more straightforward. Large
flavor effects are avoided if its quark cou-
plings are generation-independent. Moreover,
the spin-1 particle should be associated with
a spontaneously-broken gauge symmetry (unless
the particle is a bound state whose composite-
ness scale is near its mass), and the cancella-
tion of various gauge anomalies is more easily
achieved for equal couplings to up- and down-
type quarks. Although some of the above argu-
ments can be evaded (for example, with a more
complicated fermion sector that is anomaly-free),
a flavor-universal gauge boson appears to be the
simplest origin of a dijet peak. In order to couple
to the SM quarks, the heavy gauge boson must
be either a singlet or an octet under the SU(3)c
color group.
In the case of the color singlet (a Z ′ boson),
the dijet channel can be the discovery mode only
if the Z ′ is nearly leptophobic (for an early model,
see [28]) and its decays into Higgs states [29]
or vectorlike leptons [30] are suppressed. We
consider Z ′ bosons whose tree-level leptonic and
Higgs couplings vanish, implying that the gauge
charges are proportional to the baryon number.
The corresponding U(1)B symmetry is anoma-
lous in the SM, but we will show that it is
anomaly-free in the presence of a few vector-like
quarks (the simplest charge assignment has been
discussed in [31]).
A color-octet gauge boson, referred to as the
coloron [32], is associated with a SU(3)1×SU(3)2
extension of QCD, and is automatically leptopho-
bic. The coloron, in the case of flavor-universal
couplings [33], can arise from a simple renormal-
izable extension of the SM [34]. Although its
low-energy effects are usually negligible (in con-
trast to the case of flavor-dependent couplings
[35]), the coloron can modify Higgs production
via gluon-fusion [36].
In Section II we present some simple renor-
malizable models that include a Z ′ boson cou-
pled to baryon number (Z ′B) or a coloron (G
′).
In Section III we use the existing experimental
limits on the effective rate to derive the limits in
the coupling–mass plane for Z ′B , and also for G
′.
Section IV includes our conclusions.
II. MODELS OF DIJET RESONANCES
In this section we present some renormalizable
models of spin-1 particles that are either color
singlets (Z ′) or octets (coloron) and couple to
quark-antiquark pairs.
A. Z ′ coupled to baryon number
Each coupling of a Z ′ boson to a quark or a
lepton is in principle a free parameter. In prac-
tice, though, there are various theoretical and
phenomenological constraints on these couplings.
Massive spin-1 particles, such as Z ′ bosons, must
be either bound states or else be associated with a
spontaneously-broken gauge symmetry, the sim-
4plest case being a new U(1) group. At hadron
colliders, in order to discover a dijet resonance
before a dilepton resonance, some of the Z ′ cou-
plings to quarks must be more than an order of
magnitude larger than all Z ′ couplings to leptons.
In the limit where the tree-level couplings to
leptons vanish, the case of a leptophobic Z ′, there
are severe constraints from the requirement of
anomaly cancellations. These form a set of lin-
ear, quadratic and cubic equations in the U(1)
charges, which must have as a solution a set of
commensurate numbers (i.e., a set of integers
upon a rescaling of the gauge coupling). Despite
the intricacies of cubic equations for integers, it
can be proven that there is always a solution in
the presence of a certain set of fermions which are
vectorlike with respect to the SM gauge group
and chiral under U(1) [37]. To have a viable
model, however, the number of new fermions can-
not be too large, and their properties must avoid
various phenomenological constraints.
Let us construct some viable models where the
U(1)B symmetry associated with baryon num-
ber is gauged, i.e., all SM quarks have U(1)B
charge 1/3, while all SM leptons and bosons have
charge 0. This choice is convenient because the
SMmechanism for generating quark masses is not
affected by the additional gauge symmetry, and
furthermore the Z ′ couplings to quarks are flavor
blind.
We construct a class of explicit models of
this type that include n sets of vectorlike quarks
(color-triplets) transforming under SU(2)W as
doublets, Qk, or singlets, Uk,Dk; here k =
1, . . . , n labels their flavor. Although these new
fermions do not introduce anomalies involving
only SM gauge groups, the U(1)B charges of the
vectorlike quarks are restricted by anomaly can-
cellation. The [SU(2)W ]
2U(1)B , [SU(3)c]
2U(1)B
and [U(1)Y ]
2U(1)B anomalies cancel only if
zUL− zUR = zDL− zDR = −zQL+ zQR =
1
n
, (1)
where zQR is the U(1)B charge of QR, etc. The
U(1)Y [U(1)B ]
2 anomaly then cancels only if
zQL = 2zUR − zDR . (2)
It follows that there is no U(1)B gauge-
gravitational anomaly, and finally, the [U(1)B ]
3
anomaly cancels only if
(zUR − zDR) (7zUR − zDR + 3/n) = 0 . (3)
We will refer to the zDR = zUR solution as the
D=U model, and to the zDR = 7zUR + 3/n solu-
tion as the D=7U+3 model. Both these models
are in fact families of U(1)B charges for the vec-
torlike quarks described by a rational parameter
(zUR ≡ z) and an integer n (the number of vec-
torlike flavors).
There is need for at least one scalar field, φ, to
carry U(1)B charge and to have a VEV. The ‘vec-
torlike’ quarks are chiral with respect to U(1)B ,
so that they can acquire mass only by coupling to
the VEVs that break U(1)B . In renormalizable
models with only one φ scalar, Eq. (1) then re-
quires that the charge of φ is +1/n (charge −1/n
5field SU(2)W U(1)Y U(1)B
D=U model D=7U+3model
ujR 1 +2/3 +1/3
djR 1 −1/3 +1/3
qjL 2 +1/6 +1/3
UkL z + 1/n
1 +2/3
UkR z
DkL z + 1/n 7z + 4/n
1 −1/3
DkR z 7z + 3/n
QkL z −5z − 3/n
2 +1/6
QkR z + 1/n −5z − 2/n
φ 1 0 +1/n
TABLE I. Fields carrying U(1)B charge. With the
exception of φ (a color-singlet scalar), all fields shown
here are color-triplet fermions. The charge assign-
ments labelled by D=U and D=7U+3 correspond
to the two solutions of the [U(1)B]
3 anomaly cancel-
lation condition. The SM quarks have a generation
index, j = 1, 2, 3, and the vectorlike quarks have a
flavor index k = 1, . . . , n.
is the same modulo the interchange of φ and φ†)
so that operators of the type Q¯LQRφ
† are gauge
invariant. The fields charged under U(1)B are
listed in Table I.
If the vectorlike quarks are stable, then they
form QCD bound states. The lightest of these is
a heavy-light meson involving a vectorlike quark
and a u or d quark. If this heavy-light meson is
electrically neutral, then it can be a component
of dark matter. The heavy-light meson, how-
ever, interacts with nucleons (e.g., via meson ex-
change) and also has a magnetic dipole moment,
so that there are stringent limits on the mass of
the vectorlike quark from direct searches for dark
matter.
A simpler alternative is that all vectorlike
quarks decay into SM particles. For that to hap-
pen, the charge z must take certain values, or
else there must be additional scalars with VEVs
carrying U(1)B charge.
In the simplest case, the D=Umodel with n =
1 [31], we find that z = 1/3 would allow decays
into a SM quark and h0 (the SM Higgs boson)
through the Yukawa interactions
q¯LURH , q¯LDRH
† , u¯RQLH
† , d¯RQLH , (4)
where H is the SM Higgs doublet. In addi-
tion, decays into a SM quark and φ may proceed
through the following Yukawa terms:
q¯LQRφ
† , u¯RULφ
† , d¯RDLφ
† . (5)
Even when the two particles described by the
complex scalar φ are heavier than the vectorlike
quarks, the above Yukawa terms in conjunction
with the Higgs portal coupling H†Hφ†φ induce
Q,U and D decays, of the type Q → qh0h0
(or Q → q bb¯ h0 for masses below 2Mh). For
z = −5/3, the vectorlike quarks decay through
Yukawa couplings of the type q¯LQRφ.
The D=7U+3 model with n = 1 has different
decay patterns. For example, z = −2/3 implies
that the decays QR → qLφ and DL → dRφ† are
6allowed, but U can decay via renormalizable in-
teractions only if there is at least one additional
field (e.g., a scalar S which is a SM gauge sin-
glet, has U(1)B charge 0, and interacts through
u¯RULS).
The D=U and D=7U+3 models are identical
for z = −1/(2n). In this case, a second scalar
φ′, of U(1)B charge 1/3 − 1/(2n), is necessary
to allow Q, U , and D decays through q¯LQRφ
′,
u¯RULφ
′ and d¯RDLφ
′, respectively.
The choice of vectorlike fermions shown in Ta-
ble I is simple but not unique. For example,
anomaly cancellation in the presence of vector-
like leptons instead of quarks is also possible [38].
A fourth generation of chiral quarks and leptons
can also lead to the cancellation of the U(1)B
anomalies [39], but this possibility is nearly ruled
out [36] now by the measurements of Higgs pro-
duction through gluon fusion [40], and by direct
searches for t′ [41] and b′ [42] quarks at the LHC.
The couplings of the Z ′B to SM quarks are
given by
gB
6
Z ′Bµ qγ
µq , (6)
where gB is the U(1)B gauge coupling (using the
normalization where the group generator is 1/2),
and is related to the coupling constant, as usual,
by αB = g
2
B/(4π). The Z
′
B can decay into a pair
of jets (including b jets) or into a tt¯ pair (for a
Z ′B massMZ′B > 2mt), with partial decay widths
given by
Γ
(
Z ′B→ jj
)
=
5αB
36
MZ′
B
(
1 +
αs
π
)
,
(7)
Γ(Z ′B→ tt¯)
Γ
(
Z ′B→ jj
) = 1
5
(
1− 4m
2
t
M2
Z′
B
)1/2[
1+O
(
αsmt
MZ′
B
)]
.
Here we have included the NLO QCD corrections
and no electroweak corrections. If the decays into
vectorlike quarks are kinematically closed, then
the total width of Z ′B is
ΓZ′
B
= Γ
(
Z ′B → jj
)
+ Γ
(
Z ′B → tt¯
)
. (8)
B. Coloron
Another hypothetical particle that can easily
produce dijet resonances with large cross section
at the LHC is the coloron [32], a spin-1 color-
octet gauge boson. The coloron, in the case of
flavor-universal couplings [33], is not significantly
constrained by flavor processes nor by other low
energy data. Furthermore, the coloron is auto-
matically leptophobic.
The simplest gauge symmetry that can be as-
sociated with a heavy color-octet vector boson is
SU(3)1×SU(3)2 [43]. This is spontaneously bro-
ken down to the diagonal SU(3)c gauge group,
which is identified with the QCD one. A min-
imal renormalizable extension of the SM which
includes a coloron, dubbed ReCoM, is analyzed
in Ref. [34]. Assuming that all the SM quarks
transform as (3, 1) under SU(3)1 × SU(3)2, the
couplings of the coloron to SM quarks are given
7by the Lagrangian term
gs tan θ qγ
µT aG′ aµ q , (9)
where gs =
√
4παs is the QCD gauge coupling
and tan θ > 0 is a dimensionless parameter.
If there are no new quarks mixing with the
SM ones, and no additional color-octet spin-1
particles, then tan θ is the ratio of the SU(3)2
and SU(3)1 gauge couplings. These gauge cou-
plings can vary between gs and some upper limit
of about 4π/
√
3 corresponding to the nonpertur-
bative regime. Consequently, there are both up-
per and lower limits on tan θ [44]: 0.15 . tan θ .
6.7. Unlike the Z ′B , whose UV behavior requires
some new fermions, the flavor-universal coloron
is anomaly free. Nevertheless, vectorlike quarks
may be present, and if they mix with the SM
quarks, then the lower limit on tan θ no longer
applies [45]. Similarly, a second heavy spin-1
color-octet particle can mix with the coloron and
dilute its couplings to quarks.
The partial decay widths of the coloron of
mass MG′ into jj (including bb¯) and into tt¯ are
given by
Γ
(
G′→ jj) = 5αs
6
tan2θ MG′
[
1+ O
(αs
π
)]
,
(10)
Γ(G′→ tt¯)
Γ(G′→ jj) =
1
5
(
1− 4m
2
t
M2G′
)1/2[
1+ O
(
αsmt
MG′
)]
,
where only NLO QCD corrections are included.
The minimal scalar sector responsible for
breaking the SU(3)1 × SU(3)2 symmetry (which
is part of ReCoM) includes a color octet and two
color singlets. If these are light enough, then the
coloron can decay into two octet scalars or into an
octet scalar and a singlet scalar, with partial de-
cay widths that are especially large for tan θ ≪ 1
[34]. In what follows, we will assume that the
scalars are heavier than MG′/2, so that the total
width of the coloron is simply the sum of the jj
and tt¯ partial widths shown in Eq. (10).
III. COLLIDER SEARCHES OF DIJET
RESONANCES
We now detail our procedure and results for
mapping the existing dijet resonance searches to
the coupling–mass plane.
A. Mapping procedure and experimental
limits
As discussed in Section I, the partons respon-
sible for s-channel production at hadron colliders
are also a decay mode, and so the new particle
must decay back to pairs of jets at some rate.
Models that give rise to a spin-1 dijet resonance
are the most straightforward to construct. For
the representative spin-1 particles discussed in
Section II, the Z ′B boson and the coloron, there
are two parameters that characterize the dijet
signal: mass and coupling.
Even with only two parameters, the extrac-
tion of limits from experimental searches for di-
jet resonances remains challenging. For exam-
ple, varying the resonance mass while keeping
the coupling fixed introduces varying levels of
8final state radiation, cut-dependent effects from
parton distribution function (PDF) sampling at
high masses relative to the total
√
s (the mass de-
pendence of PDFs is shown in [46]), and trigger-
dependent efficiencies at low masses.
Dijet resonance searches probe the existence
of narrow peaks in the dijet invariant mass (mjj)
spectrum. The QCD background is expected to
be a smoothly falling exponential. Other back-
grounds, such as hadronic tt¯ decays, are expected
to give broad features at their respective mass
scales.
Although a bump-like feature on top of a
smoothly falling background is seemingly easy to
observe, the experimental resolution in the di-
jet channel is rather poor (∼ 5 − 10%, depend-
ing on mass [2] as well as experiment), and the
QCD background at energies much smaller than
the total
√
s become overwhelming. Higher
√
s
colliders rapidly lose sensitivity to low mass res-
onances in dijet searches because of the mini-
mum pT , ET , and mjj trigger requirements. Pre-
scaled triggers (and so-called “data-scouting”
techniques [23, 47]), however, can help augment
the trigger bandwidth to extend the searches
down to lower masses.
For our mapping, we start by running a Monte
Carlo (MC) simulation for a given choice of cou-
pling and mass. In the narrow width approxima-
tion, the s-channel production factorizes from the
decay, hence the acceptance and efficiency do not
depend on the coupling at leading order. Some
dependence on the coupling arises from loops in-
volving the new spin-1 particle, as shown in the
case of NLO coloron production [48]; however,
this effect is relatively small, and for simplicity
we ignore it in what follows. For a given set of
experimental cuts we obtain a simulated effec-
tive rate. The ratio of the experimental limit
to the simulated effective rate is the square of a
coupling rescaling factor. Multiplying the initial
coupling by this rescaling factor gives the exper-
imental upper limit on the coupling for the cho-
sen mass. Repeating this procedure for all ex-
perimental searches, we determine the excluded
region in the coupling–mass plane.
There has been a host of resonance searches
from every experiment at hadron colliders in the
dijet channel. We summarize all of them in Ta-
ble II.
For each mass point and collider, we simu-
late an event sample of on-shell s-channel Z ′B as
well as coloron production (at leading order) with
subsequent decay to light-flavor and b jets us-
ing MadGraph 5 v1.5.7 [49] with the CTEQ6L1
PDFs [50]. Each event is passed through Pythia
v6.4.20 [51] for showering and hadronization, and
then through PGS v4 [52] for basic detector sim-
ulation and jet clustering.
Choosing gB = 0.2 for the Z
′
B or tan θ = 0.2
for the coloron, we obtain the cross section times
branching fraction from MadGraph 5, denoted
σ0.2 · B , as a function of mass for each collider.
We then implement the various triggers and cuts
9Collisions, Experiment Ref. Luminosity Mass range
√
s (TeV) (fb−1) (TeV)
UA2
[3] 4.7× 10−3 0.08 – 0.32
pp¯, 0.63 [4] 1.1× 10−2 0.14 – 0.3
UA1 [5] 4.9× 10−4 0.15 – 0.4
[6] 2.6× 10−6 0.06 – 0.5
CDF
[7] 4.2× 10−3 0.2 – 0.9
pp¯, 1.8 [8] 1.9× 10−2 0.2 – 1.15
[9] 0.11 0.2 – 1.15
D0 [11] 0.11 0.2 – 0.9
pp¯, 1.96 CDF [10] 1.1 0.26 – 1.4
[12] 3.2× 10−4 0.3 – 1.7
[13] 3.6× 10−2 0.6 – 4
ATLAS
[14] 0.16 0.9 – 4
[15] 0.81 0.9 – 4
pp, 7 [16] 1.0 0.9 – 4
[17] 4.8 1 – 4
[20] 2.9× 10−3 0.5 – 2.6
CMS
[21] 1.0 1 – 4.1
[22] 5.0 1 – 4.3
[23] 0.13 0.6 – 1
ATLAS
[18] 5.8 1.5 – 4
pp, 8 [19] 13 1.5 – 4.8
CMS
[24] 4.0 1 – 4.8
[25] 20 1.2 – 5.3
TABLE II. Mass ranges for existing dijet resonance
searches at hadron colliders.
as described in each analysis listed in Table II,
to obtain an acceptance A. The ratio of the re-
sulting simulated effective rate, σ0.2 ·B ·A, to the
limit from each relevant analysis in Table II al-
lows us to extract the upper limit on the coupling
as a function of mass:
(gB)max = 0.2
(
(σ · B · A)
limit
σ0.2 · B ·A
)1/2
, (11)
and similarly for (tan θ)max.
We now discuss the most relevant searches,
grouped according to the mass range probed.
1. Searches for mjj < 200 GeV
Although a couple of searches (from UA2 and
CDF, see Table II) extend to masses below 140
GeV, we do not use them because those results
were based on a subtraction of the expected W
and Z dijet distribution calculated at O(αs);
modern precision of W and Z two-dijet distri-
butions far exceeds the interpretative power of
the effective rate limit in the 60− 140 GeV mass
window. For studies of theoretical constraints on
colorons in that mass range, see Ref. [53].
In the 140 − 200 GeV mass range, by far the
largest data sample (10.9 pb−1) has been ana-
lyzed [4] by the UA2 experiment at the CERN
SPS collider, which operated mainly at
√
s = 630
GeV. Mapping the UA2 limit to the coupling–
mass plane is simpler than the procedure required
for later analyses because the UA2 analysis in-
cludes a table of efficiencies for selecting the sig-
nal events from background as well as for isolat-
ing the peak feature in the signal events (cf. Table
1 and Table 2 of Ref. [4]). We linearly interpo-
late this overall efficiency to obtain a combined
acceptance times efficiency factor. Finally, since
the UA2 constraint is presented as a branching
10
fraction limit on a sequential SM Z ′, we unfold
the Z ′ cross section to obtain an estimated σ ·B
limit, as discussed in Ref. [54]. After applying the
overall efficiency, we obtain an effective rate limit
from UA2, which we then map into the upper
limit on the Z ′B coupling shown on the left-hand
side of Figure 1.
2. Searches in the 200 – 900 GeV mass range
The CDF [9] and D0 [11] searches using the
full data samples (≈ 110 pb−1) of the Run I at the
Tevatron compete for the best limit in the 200−
260 GeV mass window. We choose to extract a
limit from the CDF analysis, because it applies
to a larger mass range.
Above 260 GeV, the CDF analysis using 1.1
fb−1 of Run II data [10] supersedes the Run I re-
sults. For the 260 − 900 GeV window, the only
ATLAS [12, 13] and CMS [20, 23] searches use
very small
√
s = 7 TeV data sets. The most
competitive of these is the 0.13 fb−1 CMS [23]
analysis via so-called “data scouting”, which uses
a reduced data format to record events with sen-
sitivity at low masses even during high instanta-
neous luminosity conditions. We implement the
appropriate trigger and analysis requirements for
each mass point probed by these CDF and CMS
analyses to calculate their respective acceptances
needed for the coupling–mass mapping. For all
CMS limits, we adopt their qq resonance con-
straint, since our spin-1 resonances only couple
(at leading order) to qq¯ (note that the radiation
patterns from qq and qq¯ final states are indistin-
guishable). As can be seen from Figure 1, the
CDF limits on spin-1 resonances are the most
stringent ones, even though they are based on
only a tenth of the Run II data.
3. Searches for resonance masses above 900 GeV
Most ATLAS and CMS searches begin at
about 900 GeV. For the 900 − 1000 GeV range,
the ATLAS 1 fb−1 search [16] is expected to be
the most sensitive, as it has higher energy than
CDF 1.1 fb−1 [10], and a larger data sample
than the other ATLAS [12–15] and CMS stud-
ies [20, 23].
From 1 − 1.2 TeV, the CMS 4.0 fb−1 search
using 8 TeV data [24] is expected to be competi-
tive with the earlier 7 TeV ATLAS 4.8 fb−1 [17]
and CMS 5.0 fb−1 analyses [22], superseding the
ATLAS and CMS 1 fb−1 analyses [16, 21]. The
slightly smaller amount of integrated luminosity
analyzed in Ref. [24] compared to Refs. [17, 22] is
counterbalanced by the slight increase in collider
energy, giving comparable coupling sensitivities.
Above 1.2 TeV, the CMS analysis [25] using
19.6 fb−1 of
√
s = 8 TeV data is expected to be
the most sensitive (we will refer to this search as
CMS 20 fb−1). This analysis is the most recent
dijet resonance search and has sensitivity to reso-
nances as heavy as 5 TeV. Nevertheless, upward
fluctuations in the CMS 20 fb−1 limit actually
11
leave some small gaps where the ATLAS [19] 13.0
fb−1 limit and the CMS 5.0 fb−1 limits are more
stringent (see Figures 1 and 2).
For the various CMS analyses, we implement
the respective trigger and analysis cuts to tabu-
late the acceptance for each mass point and ob-
tain an effective rate limit from the qq resonance
constraint. For the 8 TeV analyses we find that
the acceptance grows from 38% to 50% for the
Z ′B signal (and from 33% to 44% for the coloron)
when the mass grows from 1 TeV to 2.5 TeV, and
is constant at larger masses.
The ATLAS results, on the other hand, are
presented as limits on Gaussian resonances in the
mjj spectrum after trigger requirements, detec-
tor effects, and analysis cuts are implemented.
This poses additional problems because the mjj
distribution produced by any particle decaying
to a pair of jets would be quite different from a
Gaussian: a long tail at low invariant mass is in-
duced by imperfect recapturing of final state ra-
diation. To overcome this mismatch, we form the
mjj spectrum after cuts and then model and ap-
ply a Gaussian core efficiency (ǫG) for our signal,
which is an additional factor beyond the canoni-
cal acceptance. Our procedure of determining ǫG
is described in the Appendix.
The ATLAS limits are given for a variety
of Gaussian widths: for each ATLAS limit, we
adopt the smallest Gaussian width constraint in
performing our mapping, since our resonances
typically have intrinsic widths at the percent and
sub-percent level.
B. Results and Discussion
Following the procedure described in Sec-
tion IIIA for the leading experimental dijet lim-
its, we obtain the coupling–mass mapping shown
in Figure 1 for a spin-1 resonance Z ′B . We have
used the leading order production computed with
MadGraph 5.
If the NLO corrections to the process pp →
Z ′BX → jjX are included in an event generator,
then the mapping can be performed more pre-
cisely. We do not expect that they would change
the values of gB by more than O(10%).
We emphasize that, unlike the usual σ · B ·A
limit plots, Figure 1 readily shows the exclu-
sion in coupling as well as mass. This mapping
also demonstrates the complicated interplay be-
tween different experimental analyses using dif-
ferent colliders and luminosities.
From Figure 1, we conclude that Z ′B bosons
are unconstrained for a gauge coupling gB . 0.6,
leaving a large area of parameter space unex-
plored by dijet resonance searches so far. More-
over, for the entire sub-TeV region, the experi-
mental limits allow for gB couplings as large as
0.9, while locally, gB couplings can reach ≈ 1.5.
Importantly, an update from CDF or an analysis
by D0 with their full ≈ 10 fb−1 Run II datasets
could offer evidence for or provide interesting lim-
its on new sub-TeV dijet resonances. We also
12
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FIG. 1. Leading experimental limits in the coupling gB versus mass MZ′
B
plane for Z ′B resonances. Values of gB
above each line are excluded at the 95% C.L.
note that an update of the “scouted data” anal-
ysis [23] with more luminosity by CMS (and AT-
LAS) would also push sensitivity to lower cou-
plings in the several hundred GeV mass range.
The plot is not extended above gB = 2.5,
because the U(1)B coupling constant is already
large, αB = g
2
B/(4π) ≈ 0.5, so that it is diffi-
cult to avoid a Landau pole. For that large cou-
pling, the current mass reach is around 2.8 TeV.
The 14 TeV LHC will extend significantly the
mass reach, and can probe smaller couplings once
enough data is analyzed. Note that couplings of
gB ≈ 0.1 can be viewed as typical (the analogous
coupling of the photon is approximately 0.3), and
even gB as small as 0.01 would not be very sur-
prising.
We also present the coupling–mass mapping
for colorons in Figure 2. For clarity, we only
show the envelope of the strongest tan θ upper
limits from all available analyses at each coloron
mass. This mapping is performed again using
leading order production. The NLO corrections
to coloron production have been computed re-
cently [48], and can vary between roughly −30%
and +20%. We do not take the NLO corrections
into account as we do not have an event gen-
erator that includes them; furthermore, there is
some model dependence in the NLO corrections
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width-to-mass ratio larger than 15%. The region below the line labelled “Non-minimal models” (at tan θ = 0.15)
requires additional particles, such as vectorlike quarks or a second coloron.
at small tan θ (for example, they are sensitive to
the color-octet scalar present in ReCoM [34]).
As mentioned in Section IIB, in the minimal
coloron model there is a theoretical lower limit
imposed by perturbativity, tan θ & 0.15. The ex-
perimental upper limit dips below that value only
in the 350 − 700 GeV and 0.9 − 1.6 TeV mass
ranges. In non-minimal models, where there
are vectorlike quarks or a second coloron, tan θ
can be substantially smaller than 0.15. Thus,
searches for colorons should continue even after
they rule out tan θ & 0.15 in some mass windows.
On the contrary, the discovery of a coloron with
tan θ < 0.15 would imply the existence of ad-
ditional colored particles that can be probed in
hadron collisions.
Unlike the U(1) gauge bosons, the coloron can
be rather strongly coupled before reaching the
perturbative upper limit, tan θ . 6.7, because it
is associated with a non-Abelian gauge interac-
tion that is asymptotically free.
There is, however, a tighter upper limit on
tan θ if the total width, Γ(G′ → jj)+Γ(G′ → tt¯)
[see Eq. (10)], is required to be smaller than
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the dijet resolution. A ratio of the total width
to MG′ of 15% (as used in [16]) corresponds to
tan θ ≈ 1.3 for MG′ ≫ 2mt (with a mild depen-
dence on MG′ due to the running of αs), and to
slightly larger tan θ for smaller masses, as shown
in Figure 2. Limits above the line marked there
by “Wide resonance” are not reliable if set by
narrow resonance searches [55]. Clearly, reso-
nances that have a much broader intrinsic width
than the experimental mjj resolution will fade
more easily into the exponentially falling QCD
background. Separately, for large enough cou-
pling, the t-channel exchange of a coloron starts
contributing significantly to the dijet signal, fur-
ther diluting the mjj peak. Note also that at
resonance masses approaching the total
√
s of the
collider, PDF uncertainties increase.
IV. CONCLUSIONS
We urge the experimental collaborations to
present limits (or contours if a signal is observed)
on dijet resonances in the coupling-versus-mass
plane of a “baryonic” Z ′B , as in Figure 1 (or a
coloron as in Figure 2, if the search is sensitive
primarily to large signals arising from heavy reso-
nances). This coupling–mass mapping, while be-
ing somewhat model dependent (and thus a com-
plement to—not a replacement for—the cross-
section limit plots), has multiple advantages.
First, it allows a comparison of limits set by ex-
periments performed at different colliders, and
at different center-of-mass energies. Second, it
allows an assessment of how stringent the exper-
imental limits are, by comparing them with the
expected range of the physical coupling. Third, it
provides a direct interpretation, without the need
for MC simulations to compute the acceptance or
to convert limits on a Gaussian into limits on a
realistic particle (in the case of the existing AT-
LAS results).
The coupling–mass mapping also highlights
gaps in the combined sensitivity of all existing
searches. Figure 1 shows that the coupling reach
is rather poor in the mass range of 700–900 GeV,
and it is even worse for masses below about 300
GeV. A new analysis by CDF or D0 with the
full Run II data set could have great impact
there. Non-conventional methods, such as ana-
lyzing scouted data [23], are also important for
extending the sensitivity of LHC experiments in
the sub-TeV mass range. More generally, the tra-
ditional trend for each new dijet search to attain
ever higher mass reach does not need to leave the
(equally important) small-coupling region unex-
plored.
We have argued that the simplest origin of
narrow dijet resonances is a spin-1 particle with
flavor-independent couplings. Our mapping thus
focused on the Z ′B and G
′. The same procedure
can also be applied to other spins or color repre-
sentations [1], but the results would be different
because of PDF dependencies and radiation pat-
terns of the decay products.
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The overview of theoretical and experimental
status of dijet resonances included in this paper
is not exhaustive. For example, we have not dis-
cussed angular correlations, which complement
the information contained in the mjj distribu-
tion. We also note that any particle that pro-
duces a dijet resonance can also be produced in
association with a W , a Z or a photon. Even
though the cross sections for these associated pro-
ductions are much smaller [34, 56], the searches
for W + jj, Z + jj, and γ + jj benefit from bet-
ter triggers that extend sensitivity to lower res-
onance masses compared to the pure dijet reso-
nance searches.
The coupling–mass plane can and should be
used for any resonance search (as it has been done
in some cases, e.g., [8, 9, 57, 58]). In particu-
lar, the tt¯ resonance searches can be interpreted
in terms of the same Z ′B or coloron. For these
flavor-blind particles, it would also be interest-
ing to investigate the complementarity between
tt¯ and dijet resonance searches.
If a dijet resonance will be discovered in the
absence of a dilepton resonance at the same mass,
it is likely that additional colored particles will
remain to be discovered. To see this, recall (from
Section II) that the Z ′B requires some vectorlike
fermions to cancel the gauge anomalies, while the
coloron requires at least some scalars from the
gauge symmetry breaking sector.
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APPENDIX: FROM GAUSSIANS TO
PARTICLES
As explained in Section IIIA, the effective
rate in the case of ATLAS analyses is given by
σ ·B ·A · ǫG , where ǫG is the efficiency of convert-
ing the limits on a realistic particle (whose mjj
distribution has a long tail due to final state radi-
ation) into limits on a Gaussian. As noted in the
Appendix of Ref. [16], the low-mjj tail should be
removed as it does not contribute to the assumed
Gaussian signal. In this Appendix we present a
more precise procedure for estimating ǫG.
We fit the mjj signal spectrum with a Crystal
Ball function [59],
f(x;α, n, x¯, σ) = N
×


exp
(
−(x− x¯)
2
2σ2
)
, for
x− x¯
σ
> −α ,
A
(
n
|α| −|α|−
x− x¯
σ
)−n
, for
x− x¯
σ
≤ −α ,
(12)
which is a combination of a truncated Gaussian
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tograms) and Crystal Ball fits (red curves) performed
on 25000 Z ′ signal events for MZ′
B
= 2, 3, 4, and 5
TeV, after implementing the CMS 20 fb−1 search [25].
and a power law tail; here
A =
(
n
|α|
)n
e−|α|
2/2 , (13)
and N is an overall normalization factor. The fit
parameters α, n, x¯, and σ correspond to the loca-
tion of the power law–Gaussian crossover in units
of σ, the power law exponent, and the mean and
width of the Gaussian, respectively. Performing
this fit allows us to use the Gaussian fit parame-
ters to calculate the Gaussian core efficiency.
We have checked that this fitting function ac-
curately reproduces the expected signal shape for
our on-shell s-channel resonance production in
the mjj spectrum, as shown in Figure 3, which is
in reasonable agreement with Fig. 2 of Ref. [25]1.
The fit parameters are varied within a large range
of values: α floats within 0.05 to 3.5, n within
0.5 to 5.0, x¯ within (70–105)% of the truth bo-
son mass, σ within (0.5–30)% of the truth bo-
son mass, and the overall normalization N floats
within (50–300)% of the N totalevents in the histogram.
Moreover, the beginning and end of the fit range
is adjusted from (50–70)% and (110–115)% of
the mjj peak, respectively. The fit range with
the smallest χ2/ndf dictates the fit parameters x¯
and σ used in the estimation of the Gaussian core
component of the mjj shape.
From the fit parameters, we count the number
of events in the mjj distribution within x¯ ± 3σ
to give the efficiency ǫG for extracting the Gaus-
sian peak appropriate for the Gaussian template
limits set by ATLAS,
ǫG =
N x¯±3σ
events
N total
events
. (14)
From our simulated ATLASmjj distributions,
we get ǫG values for both the Z
′
B and the coloron
between 55% and 65%.
1 Even though we only use the Gaussian fit procedure on
ATLAS limits, we show the fit results from our imple-
mentation of the CMS 20 fb−1 study to facilitate com-
parison with Fig. 2 of Ref. [25]. The corresponding mjj
spectrum and Crystal Ball fits for ATLAS analyses are
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